Loss-of-function mutations in the PTEN-induced kinase 1 (PINK1) or parkin genes, which encode a mitochondrially localized serine/ threonine kinase and a ubiquitin-protein ligase, respectively, result in recessive familial forms of Parkinsonism. Genetic studies in Drosophila indicate that PINK1 acts upstream of Parkin in a common pathway that influences mitochondrial integrity in a subset of tissues, including flight muscle and dopaminergic neurons. The mechanism by which PINK1 and Parkin influence mitochondrial integrity is currently unknown, although mutations in the PINK1 and parkin genes result in enlarged or swollen mitochondria, suggesting a possible regulatory role for the PINK1/Parkin pathway in mitochondrial morphology. To address this hypothesis, we examined the influence of genetic alterations affecting the machinery that governs mitochondrial morphology on the PINK1 and parkin mutant phenotypes. We report that heterozygous loss-offunction mutations of drp1, which encodes a key mitochondrial fission-promoting component, are largely lethal in a PINK1 or parkin mutant background. Conversely, the flight muscle degeneration and mitochondrial morphological alterations that result from mutations in PINK1 and parkin are strongly suppressed by increased drp1 gene dosage and by heterozygous loss-of-function mutations affecting the mitochondrial fusion-promoting factors OPA1 and Mfn2. Finally, we find that an eye phenotype associated with increased PINK1/Parkin pathway activity is suppressed by perturbations that reduce mitochondrial fission and enhanced by perturbations that reduce mitochondrial fusion. Our studies suggest that the PINK1/Parkin pathway promotes mitochondrial fission and that the loss of mitochondrial and tissue integrity in PINK1 and parkin mutants derives from reduced mitochondrial fission. drp1 ͉ opa1 ͉ parkinsonism P arkinson's disease (PD) is a common movement disorder caused by the degeneration of dopaminergic neurons in the midbrain. The molecular mechanisms underlying neurodegeneration in PD remain unclear, although substantial evidence suggests that mitochondrial dysfunction is a major contributor: Several mitochondrial toxins induce PD-like symptoms in humans and animal models (1, 2); systemic mitochondrial dysfunction appears to be a feature of a large proportion of PD sufferers (3); and several genes involved in rare heritable forms of Parkinsonism have been implicated in mitochondrial biology, including the PTEN-induced kinase 1 (PINK1) and parkin genes (4, 5).
Loss-of-function mutations in the PTEN-induced kinase 1 (PINK1) or parkin genes, which encode a mitochondrially localized serine/ threonine kinase and a ubiquitin-protein ligase, respectively, result in recessive familial forms of Parkinsonism. Genetic studies in Drosophila indicate that PINK1 acts upstream of Parkin in a common pathway that influences mitochondrial integrity in a subset of tissues, including flight muscle and dopaminergic neurons. The mechanism by which PINK1 and Parkin influence mitochondrial integrity is currently unknown, although mutations in the PINK1 and parkin genes result in enlarged or swollen mitochondria, suggesting a possible regulatory role for the PINK1/Parkin pathway in mitochondrial morphology. To address this hypothesis, we examined the influence of genetic alterations affecting the machinery that governs mitochondrial morphology on the PINK1 and parkin mutant phenotypes. We report that heterozygous loss-offunction mutations of drp1, which encodes a key mitochondrial fission-promoting component, are largely lethal in a PINK1 or parkin mutant background. Conversely, the flight muscle degeneration and mitochondrial morphological alterations that result from mutations in PINK1 and parkin are strongly suppressed by increased drp1 gene dosage and by heterozygous loss-of-function mutations affecting the mitochondrial fusion-promoting factors OPA1 and Mfn2. Finally, we find that an eye phenotype associated with increased PINK1/Parkin pathway activity is suppressed by perturbations that reduce mitochondrial fission and enhanced by perturbations that reduce mitochondrial fusion. Our studies suggest that the PINK1/Parkin pathway promotes mitochondrial fission and that the loss of mitochondrial and tissue integrity in PINK1 and parkin mutants derives from reduced mitochondrial fission.
drp1 ͉ opa1 ͉ parkinsonism P arkinson's disease (PD) is a common movement disorder caused by the degeneration of dopaminergic neurons in the midbrain. The molecular mechanisms underlying neurodegeneration in PD remain unclear, although substantial evidence suggests that mitochondrial dysfunction is a major contributor: Several mitochondrial toxins induce PD-like symptoms in humans and animal models (1, 2) ; systemic mitochondrial dysfunction appears to be a feature of a large proportion of PD sufferers (3); and several genes involved in rare heritable forms of Parkinsonism have been implicated in mitochondrial biology, including the PTEN-induced kinase 1 (PINK1) and parkin genes (4, 5) .
The PINK1 and parkin genes encode a mitochondrially localized serine/threonine kinase and an E3 ubiquitin-protein ligase, respectively (6) (7) (8) (9) (10) (11) (12) (13) . Although a number of substrates of PINK1 and Parkin have been described, these advances have led to dramatically varying models of pathogenesis (5, (14) (15) (16) (17) (18) (19) , making it unclear precisely how PINK1 and Parkin influence neuronal integrity. Genetic studies of highly conserved Drosophila orthologs of parkin and PINK1 indicate that PINK1 acts upstream of Parkin in a common pathway that influences the integrity of flight muscle, sperm, and a subset of dopaminergic neurons in the brain (20) (21) (22) (23) (24) . Mitochondrial dysfunction is a prominent and early feature of the fly tissues that degenerate in parkin and PINK1 mutants (20) (21) (22) (23) (24) , suggesting that the PINK1/Parkin pathway influences mitochondrial integrity. However, the mechanism by which the PINK1/Parkin pathway impacts mitochondrial integrity is currently unknown.
The Drosophila tissues that are most profoundly affected by mutations in PINK1 and parkin, flight muscle and sperm cells, exhibit distinctive mitochondrial morphologies, raising the possibility that PINK1 and Parkin function to regulate mitochondrial morphology. The dynamic regulation of mitochondrial morphology is critical to mitochondrial function, where a shift to either a fused reticulum or a fragmented state leads to disease (25) . Although the regulation of mitochondrial morphology has been little studied in metazoans, recent work has led to the identification of evolutionarily conserved GTPase family members that play critical roles in the mechanics of mitochondrial fission and fusion (25, 26) . Three of these GTPases, Mitofusin1 (Mfn1), Mitofusin2 (Mfn2), and optic atrophy 1 (OPA1), promote mitochondrial fusion (27, 28) . Mfn1 and Mfn2 reside in the outer mitochondrial membrane and promote outer membrane fusion, whereas OPA1 resides in the intermembrane space, where it promotes inner membrane fusion. Mitochondrial fission depends on another GTPase, the dynamin-related protein 1 (Drp1) (29, 30) . Drp1 is a cytoplasmic protein that assembles with mitochondria and promotes the fission event. However, it remains largely unknown how Drp1 is recruited to mitochondria, and how this and other known components of the mitochondrial fission and fusion machinery are regulated.
To test the hypothesis that the PINK1/Parkin pathway regulates mitochondrial morphology, we explored the effects of altering the gene dosage of known mitochondrial fission and fusion-promoting components on the Drosophila PINK1 and parkin mutant phenotypes. Our studies show that perturbations that reduce mitochondrial fission enhance the PINK1 and parkin mutant phenotypes. By contrast, perturbations that reduce mitochondrial fusion or increase mitochondrial fission suppress the PINK1 and parkin mutant phenotypes. Our findings indicate that the PINK1/Parkin pathway promotes mitochondrial fission and suggest that the tissue loss accompanying reduced PINK1 and Parkin activity derives from reduced mitochondrial fission.
Results
Genetic Interaction of PINK1 and Parkin. As a prelude to the current study, we sought to independently verify and extend recent work indicating that Parkin acts downstream of PINK1 (22) (23) (24) . By using a strong muscle-specific GAL4 driver that can rescue the muscle defects of parkin mutants when used in conjunction with a GAL4-responsive Drosophila or Human parkin transgene (20) [supporting information (SI) Fig. 5A ], we confirmed that Parkin overexpression was capable of rescuing the muscle defects of PINK1 mutants (SI Fig. 5 B and C) . We also verified that PINK1 overexpression was unable to rescue the flight muscle degeneration of parkin mutants and that PINK1;parkin double mutants are phenotypically similar to the respective single mutants (data not shown). However, parkin mutants are shorter-lived, eclose from the pupal case at a lower frequency and are developmentally delayed relative to PINK1 mutants (refs. 20-22, 24 , and 31 and data not shown), raising the possibility that Parkin may play additional biological roles not shared by PINK1 and vice versa.
Our experiments to address the effects of PINK1 overexpression on the parkin phenotypes revealed that abundant expression of PINK1 yielded only a small number of viable progeny, suggesting that PINK1 overexpression is toxic. In further support of this conclusion, we found that overexpression of human PINK1 or Drosophila PINK1 in the visual system resulted in a rough eye phenotype (SI Fig. 6B and data not shown). To test whether the toxicity associated with PINK1 overexpression derives from excessive signaling through the PINK1/Parkin pathway, we performed several experiments. First, we tested whether mutations in parkin could suppress the PINK1 overexpression phenotypes. We found that, although use of the strong Dmef2-GAL4 driver to overexpress PINK1 in WT flies was completely lethal, use of this same driver to overexpress PINK1 in a parkin null background yielded a small number of viable flies. Moreover, the eye phenotype associated with PINK1 overexpression is substantially attenuated in a parkin null background (SI Fig. 6 C and E). Finally, coexpression of PINK1 and Parkin in the eye caused a severe synergistic toxicity, resulting in dramatic loss of eye tissue and partial lethality (SI Fig. 6G ). These findings provide independent confirmation that Parkin acts downstream of PINK1 in a linear pathway and indicate that the toxicity associated with PINK1 overexpression results from enhanced signaling through the PINK1/Parkin pathway.
Loss-of-Function Mutations of drp1 Enhance the parkin and PINK1
Mutant Phenotypes. To explore the hypothesis that the PINK1/ Parkin pathway promotes mitochondrial fission, we first tested whether PINK1 and parkin interact genetically with drp1, which encodes a key mitochondrial fission-promoting component. We found that large deletions (Df(2L)D20 and Df(2L)Excel6008) and specific loss-of-function alleles of drp1 (drp1 T26 and drp1 KG03815 ) were fully lethal in a parkin null background ( Fig. 1A and data not shown). Lethal phase analyses indicate that parkin mutants bearing a heterozygous mutation of drp1 were developmentally delayed and died primarily during the larval stages of development. We also found that introducing heterozygous loss-of-function alleles of drp1 into a PINK1 mutant background resulted in nearly complete lethality (Fig. 1B) . The few surviving adult PINK1 mutants bearing a heterozygous drp1 mutation emerged from the pupal case 2-5 days later than PINK1 mutants bearing WT alleles of drp1, and were substantially smaller and shorter-lived than PINK1 mutants in a WT drp1 background. By contrast, all of the drp1 alleles tested were fully viable as heterozygotes in a WT, parkin heterozygous, or PINK1 heterozygous background, indicating that reduced drp1 gene dosage does not generally confer loss of viability ( Fig. 1C and data not shown).
Increased Drp1 Activity or Decreased OPA1 or Mfn2 Activity Suppress the parkin and PINK1 Mutant Phenotypes. The genetic interaction of drp1 with parkin and PINK1 may indicate that Parkin and PINK1, like Drp1, act to promote mitochondrial fission. Alternatively, our findings may simply reflect a non-specific additive effect of two different insults to mitochondrial integrity. Several experiments were performed to distinguish these possibilities. First, we tested whether increasing the drp1 gene dosage would suppress the muscle degeneration phenotype of PINK1 mutants. To perform this analysis, a single copy of a transgene consisting of the drp1 gene under control of its natural promoter was introduced into a PINK1 mutant background (the drp1 transgenes used in this work appear to be tightly linked to the parkin gene and thus were not used in experiments with parkin mutants). Both of the drp1 transgenes conferred substantial suppression of the thoracic indentations of PINK1 mutants (Fig. 2A) . The drp1 transgenes also rescued the flight and climbing defects that accompany muscle degeneration in PINK1 mutants (Fig. 2 B and  C) . These findings support the model that the PINK1/Parkin pathway acts to promote mitochondrial fission.
Previous work indicates that mutations in mitochondrial fusion-promoting components can partially suppress the excessive mitochondrial fusion resulting from mutations in mitochondrial fission components (25, 26, 32) . Therefore, we further explored the model that the PINK1/Parkin pathway promotes mitochon- Fig. 1. drp1 is a parkin and PINK1 enhancer. (A) A stock bearing the parkin null allele park 25 was mated to another stock that also carried the park 25 allele and a given drp1 allele in trans to a recombination-suppressing chromosome bearing the dominant marker Cy (designated CyO). For each drp1 allele tested, the percentage of Cy (drp1 ϩ/ϩ ) and non-Cy (drp1 ϩ/Ϫ ) park 25 /park 25 offspring that resulted from the cross is shown. (B) Female flies heterozygous for the PINK1 B9 deletion allele were mated to flies bearing a given drp1 allele in trans to the CyO chromosome and the percentage of Cy (drp1 ϩ/ϩ ) and non-Cy (drp1 ϩ/Ϫ ) PINK1 B9 hemizygous offspring (the PINK1 gene is on the X chromosome) is shown. (C) A WT fly stock was mated to flies bearing a given drp1 allele in trans to the CyO chromosome, and the percentage of Cy (drp1 ϩ/ϩ ) and non-Cy (drp1 ϩ/Ϫ ) offspring that resulted is shown. Note that no significant difference from Mendelian expectations is detected in offspring frequency in crosses carried out with the drp1 alleles in a WT parkin and PINK1 background (P ϭ 0.16 for drp1 T26 in a WT background; P ϭ 0.67 for drp1 KG in a WT background). Genotypes: drp1 KG ϭ drp1 KG03815 . The number of offspring scored from each cross was Ͼ100. *** , P Ͻ 1 ϫ 10 Ϫ5 . All statistical analyses were performed by using 2 analysis. drial fission by testing whether mutations in opa1 (CG8479), which encodes an essential component of the mitochondrial inner membrane fusion apparatus, could suppress the parkin and PINK1 mutant phenotypes. We also tested whether a deletion that removes the Drosophila mfn2 gene (CG3869), which encodes an essential component of the mitochondrial outer membrane fusion apparatus could suppress the parkin phenotypes (the mfn2 and PINK1 genes both reside on the X chromosome, and the phenotypes conferred by alleles of these genes prevented the generation of appropriate stocks to study genetic interactions between these factors). We found that heterozygous loss-offunction mutations of opa1 strongly suppressed the frequency and severity of thoracic indentations, and the flight and climbing defects of PINK1 mutants ( Fig. 2 and SI Fig. 7) . Heterozygous loss-of-function mutations in opa1 and a heterozygous mfn2 deletion also significantly suppressed the frequency of thoracic indentations and climbing defects of parkin mutants (Fig. 2 A and  C) , although the suppressive effects of the opa1 alleles on the parkin mutant phenotypes were of lesser magnitude than their effects on the PINK1 mutant phenotypes, and only one of the opa1 alleles was able to significantly suppress the flight defect of parkin null mutants (Fig. 2B) . However, both opa1 alleles decreased the severity of thoracic indentations in a parkin null background and strongly suppressed the thoracic indentation frequency and flight defect in a parkin hypomorphic background (SI Fig. 7) . Together, these findings offer further support for the model that the PINK1/Parkin pathway acts to promote mitochondrial fission. To further test the hypothesis that the PINK1/Parkin pathway promotes mitochondrial fission, we made use of the PINK1 eye overexpression phenotype. If the increased PINK1/Parkin pathway signaling that results from PINK1 overexpression involves excessive activation of mitochondrial fission, then genetic alterations that reduce mitochondrial fission should suppress this phenotype. Conversely, genetic alterations that decrease mitochondrial fusion should enhance the PINK1 overexpression phenotype. To test these predictions, we introduced heterozygous loss-offunction alleles of the drp1, opa1, and mfn2 genes into a PINK1 eye overexpression background. Because the compound eye is The climbing ability of adult flies of the given genotypes. Genotypes: drp1TG nt ϭ drp1 transgene; drp1TG t ϭ epitope-tagged drp1 transgene; opa1 S3 ϭ opa1 l(2)S3475 ; opa1 f0 ϭ opa1 f02779 ; mfn2 Df ϭ Df (1)Excel6239. n ϭ number of animals of the given genotypes analyzed. Statistical analysis was done by using Student's t test. * , P Ͻ 0.05; ** , P Ͻ 0.001; *** , P Ͻ 1 ϫ 10 Ϫ5 . Error bars indicate the SEM. dispensable for viability, we also used an RNA interference (RNAi) approach to explore the effects of attenuating Drp1 and Mfn2 activity on the PINK1 eye overexpression phenotype. Results of our studies demonstrated that reduced Drp1 activity strongly suppressed the PINK1 eye overexpression phenotype (Fig. 3 D-F) . Conversely, reduced Opa1 and Mfn2 activity enhanced the PINK1 eye overexpression phenotype (Fig. 3 G-I) . These findings provide additional evidence that the PINK1/ Parkin pathway acts to promote mitochondrial fission.
Increased Drp1 and Decreased OPA1 Activity Suppress the Mitochondrial Morphological Defects of PINK1 and parkin Mutants. To investigate the effects of altered drp1 and opa1 gene dosage on mitochondrial morphology in PINK1 and parkin mutants, we subjected flight muscle from the appropriate animals to transmission electron microscopy. Given the severe mitochondrial morphological alterations of parkin and PINK1 mutants alone, we focused exclusively on genetic alterations that appear to suppress the flight muscle degeneration phenotypes in our studies. Specifically, we examined the effects of increased drp1 gene dosage in PINK1 mutants and decreased opa1 gene dosage in PINK1-and parkin-deficient genetic backgrounds. As reported in refs. 20-24, the flight muscle of 1-day old PINK1 and parkin mutants exhibited swollen mitochondria with disorganized and fragmented cristae relative to flight muscle from WT flies (Fig. 4 A-C and SI Fig. 8 ). Genetic perturbations that increase drp1 gene dosage in a PINK1 mutant background or that reduce opa1 gene dosage in a PINK1 or parkin mutant background conferred substantial rescue of the mitochondrial morphological defects in flight muscle (Fig. 4 D-F and SI Fig. 8) . Specifically, mitochondria from flies bearing alterations that increase drp1 gene dosage or that decrease opa1 gene dosage in a parkin or PINK1 null background were less swollen and had substantially more intact cristae structures relative to PINK1 or parkin mutants alone (Fig. 4 and SI Fig. 8) .
To further evaluate the effects of parkin and PINK1 deficiency on mitochondrial morphology, we used RNAi to inactivate parkin and PINK1 in S2 cells. Coinactivation of parkin and PINK1 resulted in a dramatic increase in mitochondrial interconnectivity and tubule structure relative to untreated S2 cells (SI Fig. 9 ). Similar but less dramatic changes in mitochondrial structure were also seen in S2 cells, in which parkin and PINK1 were individually silenced with RNAi (data not shown). Consistent with the results of our studies in flight muscle, the mitochondrial morphological alterations induced by coinactivation of parkin and PINK1 were suppressed by RNAi inactivation of either opa1 or mfn2 (SI Fig. 9 ). These findings, together with the other observations described in our article, offer strong evidence that the PINK1/Parkin pathway promotes mitochondrial fission.
Discussion
In ref. 20 , we showed that loss-of-function mutations in the Drosophila parkin ortholog result in profound mitochondrial pathology, leading us to argue that Parkin acts to promote mitochondrial integrity. Mitochondrial defects have subsequently been detected in Parkin-deficient worms (33), mice (34) , and humans (35, 36) , and recent studies in Drosophila have shown that PINK1 and Parkin act in a common pathway that influences mitochondrial integrity (22) (23) (24) . Our current work advances these findings by providing evidence that the PINK1/ Parkin pathway acts to promote mitochondrial fission. Five major findings support this conclusion: (i) Loss-of-function mutations of PINK1 and Parkin result in enlarged or swollen mitochondria in Drosophila tissues and cell lines; (ii) loss-offunction mutations of drp1 enhance the PINK1 and parkin mutant phenotypes; (iii) loss-of-function mutations of opa1 and mfn2 or increased Drp1 activity suppress the parkin and PINK1 mutant phenotypes; (iv) perturbations that reduce Drp1 activity suppress the eye phenotype associated with PINK1/Parkin pathway activation; and (v) perturbations that reduce opa1 and mfn2 activity enhance the eye phenotype associated with PINK1/ Parkin pathway activation.
Although our work advances our understanding of the PINK1/ Parkin pathway, it also raises a number of new questions. One important question is whether insights gained from studies of the PINK1/Parkin pathway in Drosophila are relevant to the mechanisms underlying neuron loss in PD. Although mitochondrial defects have been documented in patients with mutations in PINK1 and parkin, and recent work has shown that the mitochondrial morphological alterations accompanying mutations in the human PINK1 gene can be rescued by Parkin overexpression, the specific mitochondrial morphological alterations reported in PINK1-deficient human cells differ from those documented in our current study (37) . Also, there is currently no direct evidence for the involvement of dysfunctional mitochondrial dynamics in PD. Although further work will be required to resolve differences in the effects of mutations in PINK1 on mitochondrial morphology in Drosophila and human cell lines, recent work has shown that several different nervous system disorders result from impairments in mitochondrial dynamics (25, 28, 38, 39) , suggesting that the nervous system is selectively vulnerable to perturbations in mitochondrial dynamics. Studies with cultured cells also indicate that defects in mitochondrial fission confer increased reactive oxygen species production and DNA damage (40, 41) . Because oxidative stress is a prime suspect in the mechanism of neuronal loss in sporadic and heritable forms of PD (1, 3-5), our current findings raise the possibility that impaired mitochondrial fission in parkin and PINK1 mutants increases oxygen radical stress, resulting ultimately in dopamine neuron cell death. Alternatively, Parkin and PINK1 may promote fission as part of a mechanism to segregate small damaged mitochondrial units for elimination through autophagy. Future work will be required to test these models.
Our current findings also raise questions about the apoptotic mechanism of cell death in Parkin and PINK1 deficient tissues. Recent studies have shown that mitochondrial fission promotes the cristae remodeling that facilitates cytochrome c release in some forms of apoptosis (42, 43) . Thus, our findings suggest that the cell death mechanism in Parkin and PINK1-deficient tissues is a fission-independent form of apoptosis. Indeed, if there is already sufficient cytochrome c available to activate the downstream caspase cascades, then the requirement for Drp1 and cristae remodeling may not be absolute (44) . Because mitochondria in PINK1 and parkin mutants appear to be swollen and ruptured, these morphological alterations may negate the requirement for further Drp1-mediated remodeling during apoptosis. Further work will be required to distinguish these models and define the apoptotic mechanism of cell death in PINK1 and parkin mutants.
Finally, an extremely important question for future study concerns the mechanism by which the PINK1/Parkin pathway influences mitochondrial morphology. Given that PINK1 appears to act upstream of Parkin and that most previous work places PINK1 within the mitochondrial inner membrane space and Parkin in the cytoplasm, we propose that PINK1 acts through a signal transduction cascade to promote Parkin to ubiquitinate particular cytoplasmic targets of the mitochondrial morphogenesis machinery. One possible target of the PINK1/ Parkin pathway is Drp1. It is currently unclear how Drp1 is recruited to mitochondria from the cytoplasm to promote the fission event (25) , although Drp1 is subjected to multiple posttranslational modifications, including phosphorylation (45, 46) , SUMOylation (47) (48) (49) , and ubiquitination (50, 51) , raising the possibility that one or more of these posttranslational modifications regulates the recruitment of Drp1 to mitochondria. Because Parkin can apparently promote both degradative and nondegradative forms of ubiquitination (52, 53) , the ubiquitination of Drp1 by Parkin could act in a nondegradative fashion to promote Drp1 to assemble with mitochondria to activate fission. Alternatively, the PINK1/Parkin pathway may indirectly promote mitochondrial fission by inhibiting a key component of the mitochondrial fusion machinery. In this potential model, the mitofusins, which reside in the mitochondrial outer membrane, represent attractive candidate targets of a degradative form of Parkin-mediated ubiquitination. These and other potential models by which the PINK1/Parkin pathway promotes mitochondrial fission can be readily addressed in future work.
Materials and Methods
Drosophila Strains and Culture. Drosophila stocks were maintained on standard cornmeal molasses food at 25°C. The drp1, UAS-PINK1, and UAShpark BWL transgenic lines are described in refs. 54, 24, and 55 and were obtained from H. J. Bellen (Baylor College of Medicine, Houston), J. K. Chung (Korea Advanced Institute of Science and Technology, Taejon, Korea), and B. Lu (Stanford University School of Medicine, Stanford, CA), respectively. The park 25 (20) , park Z472 (20, 56) , Df(2L)Excel6008 (54), drp1 T26 (54) , drp1 KG03815 (54, 57) , and opa1 l(2)S3475 (58) alleles have been described and were obtained from the Bloomington Stock Center or were generated in house. The PINK1 B9 allele is described in ref. 24 and was obtained from J. K. Chung. Inducible RNAi lines that express short inverted repeats (IR) UAS-drp1-IR and UAS-mfn2-IR were obtained from the Vienna Drosophila Resource Centre. The opa1 f02779 mutant stock was obtained from the Exelixis collection at Harvard, and the Df(2L)D20, Df(1)Excel6239, and Df(2L)C144 deletion stocks were obtained from the Bloomington Stock Center. The ey-GAL4 (59) and gmr-GAL4 (60) driver lines have been characterized and were obtained from the Bloomington Stock Center. The dmef2-GAL4 driver line is described in ref. 61 and was obtained from R. Ordway (Pennsylvania State University, University Park, PA).
Behavioral and Morphological Assays. One-to 2-day-old adult flies of the appropriate genotypes were individually analyzed under a microscope for the presence of thoracic indentations. If any indentation was present, the fly was assigned a score of zero. If no indentations were visible, the fly was assigned a score of one. Severe indentations were defined as those that could be readily detected using a low power microscope objective, whereas mild indentations required a higher power objective for confirmation. Student's t test was used to assess whether the mean scores of the experimental and control genotypes were statistically different from each other.
Flight assays were performed by using a modified version of a procedure described in ref. 54 . Flight assays were carried out by gently tapping 1-to 2-day-old flies through a funnel placed 38 cm above a 14-cm-diameter Petri dish containing a small amount of mineral oil. Flies that landed in the mineral oil were assigned a score of zero, whereas flies that managed to avoid the mineral oil were assigned a score of one. Student's t test was used to assess whether the mean scores of the experimental and control genotypes were statistically different from each other. Climbing assays were carried out as described in ref. 20 .
RNAi Treatment of Drosophila S2 Cells. S2 cells in a 24-well plate were transfected with a pMT plasmid (Invitrogen) encoding a mitochondrially targeted PAGFP (47) and then treated with 2 g of the appropriate double stranded RNA for 3-4 days as described in ref. 31 . Further details provided in SI Materials and Methods.
Microscopy. For transmission electron microscopy, thoraces were dissected from 1-day-old flies of the appropriate genotypes and fixed in 2% paraformaldehyde and 2% glutaraldehyde overnight. After rinsing in 0.1 M sodium cacodylate with 0.001% calcium chloride, samples were postfixed in 1% OsO 4 in cacodylate buffer for 1 h. Samples were rinsed, dehydrated in an ethanol series, and embedded in Epon. Transverse sections were examined with a JEOL JEM 1200EXII transmission electron microscope. Quantification of aberrant mitochondria involved two animals of each genotype analyzed. For scanning electron microscopy, heads were fixed in 4% paraformaldehyde overnight, dehydrated in an ethanol series, gold-coated, and analyzed on a XL-20 scanning electron microscope. Mitochondrial morphology of S2 cells was documented with an Olympus FV-1000 confocal microscope.
